On a clear day, leaf laminas of Lavatera cretica tracked the solar position throughout the day. The laminar azimuth did not diverge from the solar azimuth by more than 120 from sunrise to sunset. Tracking of the solar elevation started 1 to 2 hours after sunrise and ceased 1 to 2 hours before sunset. On an overcast day, the laminas reoriented horizontally. After sunset, following a clear day, the laminas performed a nocturnal reorientation, with three well defined phases. During the initial phase the laminas relaxed their strained sunset-facing orientation to one perpendicular to their petioles. This equilibrium configuration was maintained throughout the following phase, which was apparently concerned with time-measuring. During the final phase, the laminas reoriented, before sunrise, to a position facing the direction of the anticipated sunrise.
This directional information is phototropic and was retained for 3 to 4 diurnal cycles, probably in the pulvinus itself, which is the site of the response. Laminas of plants transferred from sunlight either to darkness, or to a simulated natural photoperiod under overhead illumination, were facing the originally anticipated direction of sunrise at the time of each of the three to four subsequent sunrises (after which they reverted to the dark orientation in darkness, or to the horizontal one with overhead illumination). Cotyledonary laminas required directional information for the nocturnal reorientation during 3 or 4 cycles of simulated sunrise to sunset transitions.
Expanded leaves of Lavatera cretica track the sun each day throughout their mature existence. The mechanisms involve perception of light as a vectorial excitation in laminar tissues associated with the veins, and response of motor cells arranged in a cylindrical sheath in the pulvinus that is situated in the uppermost 3 to 4 mm of the petiole (10) . The pulvinus bends when motor cells in one sector of the sheath expand, while these in the opposite sector contract (11, 18) . The remainder of the petiole, below the pulvinus, does not change its radial orientation on the stem, which is determined by its orthostichy, but its vertical elevation decreases progressively during leaf ontogeny from about 90°to about 30°at full maturity (10) . Consequently, the petiole's contribution to solar-tracking is virtually restricted to the pulvinus. The diurnal time-course of solar-tracking was studied by Yin (18) in leaves of Malva neglecta. His results showed that on sunny days, leaves started tracking the sun within 2 to 3 h of sunrise and thereafter maintained their laminas nearly normal to the sun until sunset. After sunset the laminas reversed their direction of movement, until they faced the anticipated direction ofsunrise, several hours before sunrise. Yin (18) showed that the nocturnal reorientation could not be ascribed to 'sleeping movements' nor could it be related to the geographical orientation of the leaf. The nocturnal movement that brought the laminas to face the anticipated direction of the original sunrise persisted for several days after the plants had been rotated 1800, until the leaves adapted to the new position and faced the anticipated direction of the prevailing sunrise.
While the solar-tracking movement of the lamina throughout the day evidently maximizes the light-harvesting capacity of the leaf (1, 2, 7, 14) , the nocturnal movement maximizes the duration of this light-harvesting activity, by reorienting the leaf to a favorable position to begin its next light-harvesting cycle.
The purpose of this study was to characterize and analyze the nature of the diurnal reorientation of the leaf laminas under the directional control of the sun.
MATERIALS AND METHODS
The diurnal movement of the leaf lamina was measured in plants of Lavatera cretica L. (Malvaceae). Potted plants were initially grown for about 4 weeks in a phytotron (4) under a 16-h photoperiod (04:00-20:00), and a diurnal temperature alteration of 27°C (08:00-16:00) and 22C (16:00-08:00), and were then transferred to the field at least 4 weeks prior to the measurements.
Laminar reorientation consists of tilting in the direction to which the pulvinus bends, and was specified by following changes with reference to an imaginary line normal to the laminar surface, by the 'laminar angle' of this line with the horizontal plane and by its 'azimuth angle' with the magnetic north. A hand-held inclinometer was used to determine laminar angle (in the plane of symmetry of the leaf: horizontal = 00), while a combined compass-inclinometer was used to define azimuth angle as well as laminar angle.
Measurements at night, or during the dark period in the growth cabinets, were made by weak green light from a flashlight.
The growth cabinets were set at 17°and supplied with overhead illumination from a bank of 'daylight' Power-Groove fluorescent tubes (General Electric), supplemented by equal wattage ofkrypton incandescent lamps (radiant flux between 400 and 700 nm was 200 ± 20 ,umol m-2 s-1).
The light sources used in the experiments with seedlings were 500 W Quartzline lamps (General Electric Q500T3/CL) in a reflector housing equipped with a 'hot mirror' (reflectance maximal and transmittance minimal in the long-wave range, and the reverse in the short-wave range) in front, and a linear, parabolically curved 'cold mirror' (reflectance minimal and transmittance maximal in the long-wave range, and the reverse in the shortwave) at the back. This allowed most of the radiant heat to escape backwards and directed most of the photosynthetically active radiation forward. Figure 1 , while that for the solar elevation is shown in Figure 2 .
RESULTS

Diurnal
On the clear day the laminar azimuth ( Fig. 1) was about I10 to the West of the solar azimuth at sunrise and maintained this lead over the first 3 to 4 h. It then started to lag (5-6°) behind the solar azimuth, and this lag was maintained for about 4 h. During the final 5 h of daylight the two angles did not differ by more than 20. The tracking of the solar elevation (Fig. 2) did not start at sunrise but only when the sunlight became approximately normal to the laminar surface. Thereafter, laminar tracking of the solar elevation continued throughout most of the day. Laminar angle was at first somewhat in advance ofthe solar elevation, but later it consistently lagged behind, until it gradually stabilized at about 700, some time before sunset.
On the overcast day, the laminar angle, which started out at about 550 at sunrise, changed to about 00 within 1 to 2 h and retained this orientation for the remainder of the day. The laminar azimuth remained unchanged (data not shown).
Laminar response to withdrawal of information from the sun was tested by transferring the plants, during the daylight hours, to a growth cabinet, in darkness or in light. Upon transfer to darkness, the laminas reoriented so as to become approximately normal to their petioles. Upon transfer of an illuminated growthcabinet, the laminas reoriented so as to stabilize horizontally, i.e. normal to the prevailing light.
The nocturnal reorientation of the lamina was followed in 12 field-grown plants during a midsummer night (June 22-23), with three types of fully expanded leaves, differing in their petiolar orientation: toward the west, toward the east, and somewhat 20. younger leaves with vertical petioles. During the early hours of the night, the lamina exhibited epinasty, which resulted in its 'negative' cupping, i.e. toward the petiole. Nocturnal reorientation of the laminas followed a West to East arc in the vertical plane. Figure 3 shows that the laminas started to turn toward the East at the beginning of the dark period. This movement lasted 1 to 3 h, but whereas during that period the laminas on westfacing petioles had rotated only by about 150 and stabilized in a westerly direction, those on east-facing petioles had rotated by about 1 10°and stabilized in an easterly direction. Laminas on vertical petioles rotated by about 75°and stabilized horizontally. In the stable orientation, the lamina was approximately normal to its petiole. The period of stable orientation came to an end several hours before sunrise, earlier in the leaves with west-facing petioles and with vertical petioles than in those with east-facing petioles. The first to do so were those on west-facing petioles, which now made the greatest angular displacement, while the last to do so were those on the east-facing petioles, which now made the least angular displacement. Those on vertical petioles were again intermediate between these two extremes. The ensuing reorientation brought the laminas to face the direction of the anticipated sunrise, at least 2 h before sunrise actually occurred.
Nocturnal Reorientation in Absence of Solar-Tracking. A group of potted plants that had been grown outdoors for about 50 d were rotated by 1800 at sunset. At sunrise on the following day all their laminas were facing in the direction ofthe previously anticipated sunrise, rather than the prevailing one. Yin's (18) results with M. neglecta and Wainwright's (16) results with Lupinus arizonicus were thus confirmed with L. cretica. Another group of potted plants were transferred to the growth cabinet at midday, after their sunset orientation had been marked on the pot, and were subjected to overhead illumination till sunset. Nocturnal reorientation of the lamina was determined at intervals during the following night in 12 leaves with vertical petioles, concurrently with those of control plants left outdoors (Fig 3) . The results show that the laminas, which started the dark period in the horizontal orientation, established under the overhead illumination in the growth cabinet, reoriented during the dark period toward the previous East, or anticipated sunrise direction, as the equivalent leaves on the control plants. These leaves exhibited normal nocturnal reorientation of their laminas to face the anticipated sunrise direction despite the fact that their solartracking was stopped at midday without allowing them to perceive the (westerly) sunset position.
The conclusion that pre-sunrise orientation is determined by Figure 4 shows that nocturnal reorientation occurred repeatedly, for as many as three cycles, despite the fact that the plants were no longer exposed to solar-tracking outdoors, but to darkness, or to a natural photoperiod (05:00-19:00) under vertical illumination. In the latter'case, the only direction from which the leaves were illuminated at the beginning and the end of the diurnal photoperiod was from above. It is therefore clear that the leaves had stored the directional information from their previous solar-tracking experience for as long as three cycles without a solar-tracking experience. The degree of initial orientation in the direction ofthe anticipated sunrise was progressively diminished each day, to the same extent in the dark grown group and in the group exposed to the natural photoperiod (overhead artificial illumination 05:00-19:00). Concurrently with the experiment described above, a group of potted plants were transferred at the beginning ofthe dark period to the growth cabinet with the natural photoperiod, and eight leaves with vertical petioles were debladed by excision of the entire lamina except for vestiges of the major veins radiating from the pulvinus. At the time ofdeblading, the laminas ofthese leaves (and all other leaves) were facing in the direction ofsunset (which was marked on the pots). Nevertheless, at the time of the following sunrise (05:00), the top ofthe pulvinus with its attached vestiges of veins were also facing the direction of the anticipated sunrise (Fig. 4) Figure 5 . During the 1st and 2nd dark periods, the laminas of both cotyledons started to reorient right away (angle decreasing on the AM side and increasing on the PM side), and both stabilized at a slightly negative angle. (At the end of the 2nd dark period the angle was somewhat more negative.) During the subsequent (3rd and 4th) dark periods, the laminas reoriented so that the one that was proximal to the PM light source and started the dark period with a negative angle ended the dark period with a positive angle, while the opposite one exhibited the reverse change. Consequently, both cotyledons ended the 3rd and 4th dark periods with their laminas inclined to face the direction of the anticipted AM light source. The kinetics of the reorientation during the 3rd and 4th dark periods differed in the opposing cotyledons. The lamina that started the dark period at a positive angle completed most of its nocturnal reorientation during the first 3 h of the dark period, while the one that started the dark period at a negative angle made most of its nocturnal reorientation during the last 3 to 4 h of the dark period (and its terminal angle increased markedly from the 3rd to the 4th dark period). (Fig. 2) and in solar azimuth (Fig. 1) . The absence of solar-tracking for a considerable period at the beginning and the end of the daylight period (also previously observed [16, 18]) may only be an apparent one, since at these times the sun is just above the horizon and its beams may be at least partially obstructed by local topographic features and by neighboring plants. TIME cretica seedlings after 10, 20, 30 and 4A cycles ofexposure to unilateral illumination, during the day, for 7.5 h from source proximal to cotyledon a (AM), followed by 7.5 h from source proximal to cotyledon b (PM). Insert: Position of cotyledons a and b at the beginning of dark period; arrows indicate direction of nocturnal reorientation, depicted in panels A and B, respectively. DIURNAL SOLAR TRACKING OF LAVA TERA CRETICA L. LEAVES Solar tracking in L. cretica is a response to vectorial excitation, i.e. by light beams striking the laminar surface obliquely (10) . This explains why the laminar surface is almost never completely normal to the sunbeams, but diverges from the normal within narrow limits throughout the day. Laminar movement apparently leads that of the sun during the first part of the morning and follows it thereafter. A similar phenomenon has been observed in young leaves of M. neglecta (18) and L. arizonicus (16). The reasons for this are not known.
The nocturnal reorientation of solar-tracking leaves and inflorescenses has been attributed to a relaxation from strained configuration at sunset to a nonstrained one prior to sunrise (6, 18) . However, the present study shows that the nocturnal reorientation (Fig. 3) Figure 3 are not sufficiently detailed to indicate the precise duration ofthe second phase, but it seems that laminas that start this phase earliest (on west-facing petioles) also start the last phase earliest, while those that are the latest to start phase two (on east-facing petioles) are also the latest to start the last phase. It is thus likely that the duration of 'stable' phase is approximately the same in all leaves. It is therefore suggested that phase two, which is initiated when equilibrium is achieved, is concerned with time measuring, i.e. with the ubiquitous biological clock, by which the circadian movements of nyctinastic leaves are phased (9) .
In nyctinastic leaves, time measuring, as well as light perception are located in the pulvinus itself (5, 13, 17) . Pulvinar anatomy of these leaves restricts their diurnal reorientation to the plane passing through their dorsal and ventral motor tissue ('extensor' and 'flexor'), whether this takes place in response to light/dark transitions, or under endogenous control by the biological clock (8, 9) . In the diaphototropic leaves of M. neglecta (18) and L. cretica (11) , the motor tissue in the pulvinus is organized as a sheath around the vascular core, which allows their omnidirectional reorientation. In these leaves, the site of light perception is not located in the pulvinus (18) but in the lamina itself (1 1). Nevertheless, results summarized in Figure 4 indicate that nocturnal reorientation of L. cretica may not require participation by the lamina and thus suggest that this mechanism might be located in the pulvinus, as in nyctinastic leaves.
Phase three is initiated when the laminas start reorientating again, toward the east, namely in the direction of the anticipated sunrise. While the direction of laminar reorientation during phase one is dictated by the morphological orientation of the petiole and is thius under endogenous control, the direction of laminar reorientation during phase three is clearly dictated by the previous solar-tracking performance of the leaf and is therefore under exogenous control. Since the solar-tracking during daytime is phototropic, the final phase of the nocturnal reorientation is in essence its extension and is therefore also phototropic, despite the fact that it is expressed only towards the end of the subsequent dark period. In view of its unique features, we suggest the term 'dark-phototropic response' (or 'nycti-heliotropism') to describe the final phase of the nocturnal reorientation of these leaves, despite the apparent internal contradiction.
Involvement of the biological clock is supported by results summarized in Figure 4 , which show that leaves could store directional information from their previous solar-tracking expe- rience. Furthermore, they could repeat the nocturnal reorientation for a number of cycles in which directional information was absent (darkness, or overhead illumination for the duration of the natural photoperiod). This information was apparently progressively dissipated. An analogous situation is known in nyctinastic leaves, which continue to oscillate in circadian periodicity in absence of the diurnal light/dark transitions, but with a progressively diminished amplitude (3). In the solar-tracking leaves of L. arizonicus the nocturnal reorientation failed after a single photoperiod in a growth cabinet with overhead illumination (16). However, the mechanism of solar-tracking in Lupinus is apparently different from that of M. neglecta and L. cretica, because light perception is located in the pulvinules, not in the laminar parts of the leaflets ( 15) .
The directional information provided by (simulated) solartracking apparently has to be repeated for 3 or 4 diurnal cycles before it is expressed in the nocturnal reorientation, at least in cotyledons (Fig. 5) . The same number ofthe cycles without solartracking experience are required to dissipate that information in mature plants.
